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Abstract The aim of this study was to identify the 
parameters that affect the nitrogen (N) isotope ratio 
(δ15N) in soils of temperate and boreal forests. We 
measured the δ15N in 30 soil profiles of temperate 
and boreal forests in Sweden and analyzed the rela-
tionships between δ15N in the soils and soil chemical 
properties as well as site characteristics. In addition, 
we conducted a meta-analyses of δ15N in the organic 
layer of European forests. We identified two types of 
δ15N patterns; in type D soils, the δ15N in the min-
eral soil decreases with depth, whereas in type C soil, 
the δ15N in the soil profile is almost constant. Type 
D soils had a significantly higher δ15N in the organic 
layer and upper mineral soil than type C soils, which 
is likely due to N isotope fractionation by ectomy-
corrhizal fungi  in the topsoil. Type D soils were 
found in boreal forests, but not in temperate forests. 
They had a significantly lower atmospheric N depo-
sition rate than type C soils, by a factor of 2.3, and 
a significantly higher phosphorus (P) concentration 

of the organic layer than type C soils, by a factor 
of 1.5. We also found that the δ15N was negatively 
correlated with the N:P ratio of the organic layer 
 (R2 = 0.21, p < 0.001). Across Europe, the δ15N of 
the organic layer was positively correlated with lati-
tude  (R2 = 0.58, p < 0.001), and negatively with mean 
annual temperature  (R2 = 0.52, p < 0.001) and atmos-
pheric N deposition  (R2 = 0.42, p < 0.001). In conclu-
sion, our results show that the δ15N of the organic 
layer and microbial N (re-)cycling in forest soils is 
positively related with latitude and the P concentra-
tion of the organic layer.
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Introduction

The nitrogen (N) isotope ratio (15N:14N) of soils 
reflects the accumulated effects of N cycling pro-
cesses, and provides insights into long-term N 
dynamics in ecosystems at decadal timescales. Differ-
ent processes of the N cycle affect the 15N:14N ratio of 
soils (Nadelhoffer and Fry 1988; Högberg 1997; Bais-
den et  al. 2002; Hobbie and Ouimette 2009). Plant 
biomass and plant litter are 15N-depleted compared 
to mineral soil (Högberg 1997; Michelsen et al. 1998; 
Hobbie and Colpaert 2003; Hobbie and Högberg 
2012). Thus, soil horizons that receive high N inputs 
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in the form of plant litter, such as the organic layer, 
are typically depleted in 15N relative to other parts of 
the soil (Högberg et  al. 1996; Hobbie and Högberg 
2012). Mycorrhizal fungi  transfer15N-depleted N to 
plants and concentrate 15N in their biomass, which is 
thus typically enriched in 15N compared to plant bio-
mass and soil (Högberg 1997; Michelsen et al. 1998; 
Hobbie and Colpaert 2003). Furthermore, many 
other biotic N transformation processes discriminate 
against the heavier 15N, leading to 15N depletion of 
the product. For instance, nitrification and denitrifica-
tion (Högberg 1997)  and mineralization of organic 
N (Silfer et al. 1992) lead to N isotope fractionation. 
Nitrification in particular causes an enrichment of 15N 
in soil, if the process is associated with a loss of the 
resulting 15N-depleted N species from soil (Yoshida 
1988). In addition, biotic  N2 fixation can decrease 
the soil N isotope ratio (Högberg 1997; Scheibe and 
Spohn 2022).

The organic layer of forest soils is typically 
15N-depleted compared to the mineral topsoil (Hög-
berg et al. 1996; Hobbie and Ouimette 2009) due to 
the high input of 15N-depleted plant litter. The δ15N 
(that quantifies the 15N:14N ratio) of the organic layer 
can be very low, and δ15N values of down to –12‰ 
have been reported for forests in Belgium (Vervaet 
et  al. 2002). Yet, for other regions, higher δ15N val-
ues of the organic layer have been found, for instance, 
between −6.5 and −5.5‰ in the Netherlands (Koo-
pmans et  al. 1997), −5.2‰ in Switzerland (Bundt 
et  al. 2001), between −2.1 and −1‰ in Denmark 
(Callesen et al. 2013), −1.5 to +1.5‰ in coniferous 
forests in Sweden (Hobbie et  al. 2019), and −0.5 to 
+3‰ in Finland (Sah et  al. 2006). Together, these 
findings indicate that there might be a positive rela-
tionship between the δ15N values of the organic layer 
and latitude.

In the mineral soil, contrasting patterns of the 
15N:14N ratio have been described (Hobbie and 
Ouimette 2009). In many mineral soils, the 15N:14N 
ratio increases with increasing soil depth (Nadelhoffer 
and Fry 1988). For instance, in temperate forests in 
Chile, δ15N increased with increasing soil depth from 
about −2.5‰ at 1  cm to about 5‰ at 50 cm depth 
(Boeckx et al. 2005). Similarly, in grassland soils in 
California, δ15N increased with increasing soil depth 
from about 0‰ at 1 cm depth to about 5‰ at 50 cm 
depth (Baisden et  al. 2002). However, in some soils 
the δ15N decreases with increasing depth (Hobbie and 

Ouimette 2009). For example, in deciduous forests in 
Austria, the δ15N below a depth of 50 cm decreased 
relative to the upper soil depth increments (Pörtl et al. 
2007). Similarly, below a depth of 30  cm, the δ15N 
decreased relative to the upper soil depth increments 
in coniferous and deciduous forests in northeast 
China (Cheng et al. 2010).

The reasons for the different depth-related and lati-
tudinal patterns of the 15N:14N ratio in soils are not 
well known. Hobbie and Ouimette (2009) described 
two types of vertical δ15N patterns in soils. They 
hypothesized that under N limitation, δ15N increases 
in the topsoil across a small depth section and then 
does not change further with increasing soil depth. 
In contrast, in ecosystems with less N limitation and 
more inorganic N cycling, δ15N increases in the top-
soil across a small depth section, and then decreases 
in the mineral subsoil (Hobbie and Ouimette 2009). 
In the following, we will refer to these two types of 
δ15N patterns as type C, whereby C stands for the 
almost constant δ15N in the mineral soil, and type D, 
whereby D stands for the decrease in δ15N in the min-
eral soil.

N cycling and the pattern of δ15N in soil might be 
related to the cycling of other nutrients, such as phos-
phorus (P), particularly in the organic layer, where 
the carbon-to-phosphorus ratio  is very high com-
pared to the mineral soil (Spohn and Chodak 2015). 
It has been shown, for example, that P addition led to 
a decrease in extractable ammonium due to increased 
microbial N immobilization in a temperate forest 
in Maine, USA (Salvino et  al. 2019). Furthermore, 
several recent studies on Swedish forest soils found 
relationships between fungal activity, decomposi-
tion, and the P concentration. For instance, Almeida 
et  al. (2023) showed that ectomycorrhizal growth 
was positively related to addition of the P-containing 
mineral apatite in a spruce forest. Spohn and Berg 
(2023) reported that P was transported into decom-
posing pine needle litter during the first 1.5 years of 
decomposition in temperate and boreal forests, likely 
by fungi. Furthermore, a recent study found that the 
organic layer stock of Swedish forest soils was nega-
tively correlated with the organic layer P concentra-
tion, which might suggest a relationship between P 
concentration and decomposition (Spohn and Stend-
ahl 2022).

The aim of this study was to identify the param-
eters that affect the pattern of the 15N:14N ratio in 
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soils of temperate and boreal forests in order to bet-
ter understand N cycling in forest soils. Following 
Hobbie and Ouimette (2009), we hypothesized that 
type D soils occur in regions with comparatively 
high atmospheric N deposition rates, whereas type 
C soils emerge in regions with lower atmospheric N 
deposition rates. To test this hypothesis and to iden-
tify under which conditions the two types of isotope 
patterns emerge, we measured the 15N:14N ratio in 30 
soil profiles of temperate and boreal forests in Swe-
den, located between 56.5° and 67.1°N and analyzed 
the relationship between δ15N patterns in the soils 
and other soil and site properties. In addition, we con-
ducted a meta-analysis of δ15N of the organic layer 
of European forest soils to identify the factors that 
control the δ15N of the organic layer on a continental 
scale.

Material and methods

Structure of the inventory, sampling, and sample 
preparation

Soil samples were collected for the Swedish Forest 
Soil Inventory (SFSI). The SFSI in its current form 
started in 1983 and monitors the state of the Swedish 
forests with respect to soil and vegetation. It covers 
all of Sweden except for arable land and urban areas, 
and is conducted in collaboration with the Swedish 
National Forest Inventory. The inventory visits about 
20,000 permanent plots over a 10-year period, sam-
pling every year about 2000 plots distributed all over 
Sweden. Circular plots with 10 m radius are located 
in quadratic clusters on a triangular grid (Ranneby 
et al. 1987), which is denser towards the south of the 
country to account for the greater fragmentation of 
the landscape and a more diverse geology in the south 
of Sweden. Each quadratic cluster encompasses eight 
circular plots (or four in the southwestern region). At 
each of these circular plots, the tree stem diameter at 
breast height is determined for all trees higher than 
1.3 m, and based on this the basal area is calculated. 
From the change in diameter over 5 years, the current 
stem growth rate of the trees at plot level is calcu-
lated. In addition, the stand age is determined from 
the stand history assessed by the repetitive inventory 
together with wood coring performed in the 1980s. 
The dominant tree type is classified according to the 

following classes based on basal area: deciduous, 
mixed (which are mainly mixed coniferous forests 
with more than 50% coniferous trees), pine (Pinus 
sylvestris + Pinus contorta), and spruce (Picea abies). 
The understory vegetation is classified according to 
the Swedish site classification scheme by Hägglund 
and Lundmark (1977).

Soil sampling is carried out on a subset of the cir-
cular plots, i.e., organic layer sampling on c. 10,000 
plots and mineral soil sampling on c. 4500 plots. The 
organic layer is sampled volumetrically using a 10 cm 
diameter corer in a 3.14   m2 subplot within each cir-
cular plot throughout the entire depth of the organic 
layer (up to 30 cm depth), excluding the litter layer. 
To gain a sample volume of about 1.5  L, 1–9 volu-
metric samples are combined. In addition, a small 
soil profile is prepared in the subplot and mineral 
soil is collected at fixed depth intervals: 0–10  cm, 
10–20  cm, and 55–65  cm. The soil order is deter-
mined according to the World Reference Base for Soil 
Resources (WRB; IUSS Working Group WRB 2014). 
The parent material of soil formation is classified 
at a depth of 20 cm in the mineral soil according to 
the following classes: well-sorted sediment, poorly-
sorted sediment, till, bedrock and peat. The texture 
of the mineral soil samples is determined in the field 
according to the following classes: clay, fine silt, 
coarse silt, fine sand, sand, and coarse sand as well 
as gravel. In the laboratory, all soil samples are dried 
to constant weight at 35 °C. The samples are homog-
enized and sieved (<2 mm), and living and dead roots 
>1 mm diameter are removed from the mineral soil 
samples. The samples are weighed and the stock of 
the organic layer is calculated based on the weight of 
the <2  mm-fraction of the organic layer. Chemical 
and isotope analyses are carried out on the fine soil 
fraction (<2 mm).

Selection and description of plots

For the present study, we selected plots from the SFSI 
(1) that have been sampled between 2013 and 2018, 
(2) that were covered by forest with a long-term pro-
ductivity >1   m3   year−1 and a stand age ≥60  years, 
(3) that had the humus form mor or moder (which 
excludes peatlands and plots with humus form mull), 
and (4) for which data on the concentration of P in 
the parent material (at a depth of 50 cm) were avail-
able (Olsson et  al. 1993). We excluded plots with a 
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stand age <60  years in order to exclude the effect 
of clear-cutting on soil properties in the dataset. We 
excluded plots with the humus form mull because at 
these plots, the mull humus is the A horizon and there 
is no organic layer according to the classification of 
the SFSI. Further, (5) we selected soils that have no 
eluvial horizon to minimize the effect of eluviation 
on the pattern of N isotopes in the soils of the data-
set. This selection largely excludes Podzols, except 
for a few Podzols in the south of Sweden that have 
an accumulation horizon (which is why they classify 
as Podzols) but no eluvial horizon, likely due to past 
land use and soil disturbance.

The plot selection based on these criteria resulted 
in a total number of 30 plots. These 30 plots are a 
subset of the 309 plots described in Spohn and Sten-
dahl (2022). The 30 plots are located between 56.5° 
and 67.1°N (Fig.  1; Supplementary Table  S1). 16 
plots are covered by spruce forest, 7 by pine forest, 
and another 7 by mixed pine-spruce forest (Supple-
mentary Table S1). The mean stand age is 101 years, 
and the median age is 90  years. Concerning the 
organic layer form, 17 soils have the organic layer 
form mor with dominance of the F subhorizon (mor 
type 1), nine soils have the organic layer form mor 
with dominance of the H subhorizon (mor type 2), 
and three soils have the form moder. The mean depth 
of the organic layer is 10 cm and the median depth is 
9 cm. Of the 30 soils, 18 soils are Regosols, five soils 
are Podzols, two soils are Gleysols, two Cambisols, 
two Arenosols, and one soil is an Umbrisol. In terms 
of parent material, eight soils are formed from well-
sorted sediment, four from poorly-sorted sediment, 
and 18 from till. Concerning the texture, 12 soils 
are classified as fine sand, seven soils as coarse silt, 
five as sand, three as clay, two as fine silt, and one 
as coarse sand (Supplementary Table S1). The plots 
with ericoid understory vegetation [bilberry (Vac-
cinium myrtillus) and lingonberry (Vaccinium vitis-
idaea)] tend to occur more frequently towards the 
North. Their mean latitude was 62.5°N, whereas the 
mean latitude of the sites with non-ericoid understory 
vegetation was 60.7°N.

Soil chemical and isotope analyses

The total C and N content were analyzed using an 
elemental analyzer (TruMac CN, LECO). The pH 
was determined in water (at a soil:water ratio of 

1:2.5) using a Pt electrode (Aquatrode Plus Pt1000, 
Metrohm). Exchangeable cations (Ca, Mg, Na, K, and 
Mn) were extracted in 1 M ammonium acetate buff-
ered at pH 7.00 and analyzed by inductively coupled 
plasma optical emission spectroscopy (ICP-OES; 
Avio 200, Perkin Elmer).

Total P in the parent material was determined on 
samples that were collected at the plots of the SFSI 
from the B/C and C horizon in the 1980s. The sam-
ples were ground, sieved (<2 mm), ignited and fused 
with lithium-metaborate, and subsequently, total P 
was determined by ICP (Olsson et al. 1993).

In addition to the variables determined for the 
SFSI, we measured total P in the organic layer, 

Fig. 1  Map depicting mean annual temperature (MAT), lati-
tude, and the locations of the soils. The symbols (circle and tri-
angle) indicate the 15N types C and D, respectively
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total and organic P in the mineral soil at a depth of 
0–10 cm as well as N and C isotopic ratios in all soil 
depth increments. Total P of the organic layer and the 
mineral soil at a depth of 0–10 cm was extracted in 
nitric acid and hydrogen peroxide (in a ratio of 1:3) in 
a microwave system (Ethos Easy, Milestone) accord-
ing to the instructions of the manufacturer, and P was 
determined using ICP-OES (Avio 200, Perkin Elmer) 
after filtration of the extract. Organic P in the mineral 
soil at a depth of 0–10 cm was determined according 
to Saunders and Williams (1955) and Williams and 
Saunders (1956) as specified in Pansu and Gauthey-
rou (2007), using a continuous flow system (AA500, 
Seal). Total organic P was calculated as the differ-
ence in inorganic P between ignited and non-ignited 
samples.

The N and C isotopic ratios (δ15N and δ13C) were 
analyzed using continuous-flow isotope ratio mass 
Spectrometry on Flash EA 2000 via ConFlo IV open-
split interface to a Delta V isotope ratio mass spec-
trometer (Thermo Fisher Scientific, Bremen, Ger-
many) at the Stable Isotope Laboratory at SLU.

Climate data

Other data used in this study are mean annual temper-
ature (MAT; from 2012), mean annual precipitation 
(MAP; from 2012) and total atmospheric N deposi-
tion (from 1998) retrieved from the Swedish Mete-
orological and Hydrological Institute. We assume that 
the atmospheric N deposition fluxes of the year 1998 
are representative for historic atmospheric N deposi-
tion fluxes in Sweden during the last decades which 
were highest in the 1990s.

Data acquisition from published studies 
(meta-analysis)

In order to place our results about δ15N of the organic 
layer in Swedish forest soils in a larger geographical 
context, we analyzed published results about δ15N 
of the organic layer of European forest soils. For 
this purpose, we searched for peer-reviewed stud-
ies that report the δ15N of the organic layer of forest 
soils in Europe via Google Scholar, using the terms 
“δ15N”, “forest soil”, “organic layer”, “forest floor”, 
“humus”, “natural abundance”, and “nitrogen iso-
topes”. Data about δ15N of the organic layer, latitude, 
MAT, MAP, and the atmospheric N deposition flux 

where extracted from tables and figures of all stud-
ies that dealt with European forests. For the latter, the 
software DataThief was used. If the studies reported 
results about field experiments, only the control treat-
ment was considered. We found twelve studies that 
reported the δ15N of the organic layer of forest soils 
located in Sweden, Finland, Denmark, Germany, 
the Netherlands, Belgian, Austria, Switzerland, and 
France (see Supplement B).

Data analysis

We classified the pattern of δ15N in the 30 Swed-
ish forest soils as type C or type D. The letter D in 
type D stands for decrease and C in type C stands 
for constant. A soil was classified as type D if there 
was a steady decrease in δ15N in the mineral soil, 
i.e., δ15N in 0–10  cm > δ15N in 10–20  cm and δ15N 
in 10–20 cm > δ15N in 55–65 cm. All other soils for 
which this was not true, were classified as type C.

In order to test whether type C and type D soils 
differ in soil chemical properties or site character-
istics, we conducted Welch t-tests (with P = 0.050 
considered as the threshold for significance) of the 
following soil chemical properties and site character-
istics; Longitude, latitude, MAT, MAP, atmospheric 
N deposition, stand age, basal area, tree growth, dom-
inant tree cover, soil texture, soil type, parent mate-
rial, P concentration of the parent material, organic 
layer form, depth of the organic layer, organic layer 
stock as well as element concentrations and stocks 
(total C, N, P as well as exchangeable Ca, Mg, Na, 
K, and Mn) and pH of the organic layer and all three 
depths increments of the mineral soil and their C:N 
and C:P ratios. For the analysis of the categorical var-
iables (dominant tree cover, organic layer form, soil 
texture, soil type, and parent material), different num-
bers were assigned to the different categories of each 
of these four variables.

In addition, we conducted ANOVA followed by 
Tukey’s test to examine if there are statistically sig-
nificant differences in δ15N among the parent mate-
rial classes, dominant tree cover classes, organic 
layer forms, and soil texture classes. We consid-
ered P = 0.050 as the threshold for significance. For 
the analysis of soil texture, the texture classes clay 
and fine silt were combined and the texture classes 
sand and coarse sand as well as gravel were also 
combined.
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We performed discriminant analysis using the R 
package mda (https:// cran.r- proje ct. org/ web/ packa 
ges/ mda/ index. html), in which the assignment of 
the soils to type C and type D was predicted based 
on other variables in order to identify the most influ-
ential factors related with the formation of the two 
types. We included all variables in this analysis that 
differed significantly between type C and type D soils 
based on the Welch t-test (see above).

We conducted regression analyses to examine pre-
dictors of δ15N or the organic layer for the 30 Swed-
ish forest soils and the soils of the meta-analysis. Fur-
thermore, we conducted a multiple linear regression 
analysis with stepwise forward selection of predictor 
variables to predict the δ15N or the organic layer. In 
this analysis, the following variables of the 30 Swed-
ish forest soils were included as potential predictors: 
longitude, latitude, MAT, MAP, atmospheric N depo-
sition, stand age, basal area, tree growth, P concentra-
tion of the parent material, depth of the organic layer, 
organic layer stock as well as element concentrations 
(total C, N, P as well as exchangeable Ca, Mg, Na, K, 
and Mn), the C:N and C:P ratios, and the pH of the 
organic layer. All data analyses were conducted using 
R (version 4.1.1, R Core Team 2021).

Results

Of the 30 soils, 12 soils were classified as type 
D, and the other 18 as type C (Fig. 2). The δ15N of 
the organic layer was significantly higher in type D 
than type C soils (P = 0.002), by 1.7‰ (Figs 2, 3a). 
In addition, the δ15N in 0–10  cm was significantly 
higher in type D than type C soils (P = 0.007), by 
1.5‰ (Figs 2, 3b). In contrast, the δ15N in 55–65 cm 
was significantly lower in type D than type C soils 
(P = 0.010), by 1.5‰ (Figs 2, 3d). The N concentra-
tion did not differ significantly between the two types 
in any depth section (Supplementary Figure S1). The 
δ13C increased from  −28.1‰ in the organic layer to 
−26.6‰ at a depth of 55–65 cm, irrespective of 15N 
type (C or D; Supplementary Figure S2).

The mean atmospheric N deposition was signifi-
cantly higher for type C than type D soils (P = 0.002), 
on average by a factor of 2.3 (Fig. 4a). The mean P 
concentration of the organic layer was significantly 
higher in type D than type C soils (P = 0.020), on 
average by a factor of 1.5 (Fig. 4b). The mean MAT 

was significantly higher for type C than type D soils 
(P = 0.048), on average by a factor of 1.9 (Fig.  4c). 
Furthermore, the mean latitude was higher for type D 
than for type C soils, but the difference between the 
two types was only marginally significant (P = 0.050; 
Fig.  4d). Type D soils were found in boreal forests 
between 59.5 and 65.5°N, at sites which mostly had 
a MAT between 1 and 4 °C, but not in temperate for-
ests. In contrast, type C soils were also found in tem-
perate forest in the South of Sweden, and in the very 
North of Sweden above 65.5°N (Fig. 1).

Soils of both types (C and D) were found in all 
three forest types (spruce, pine, and mixed forest), 
and were found to have all three organic layer forms 
(Supplementary Table  S1). The most dominant soil 
order in this dataset, Regosol, was found in type C 
and type D, while all (four) Podzols of the dataset 
classified as type C. Type C and D soils did not dif-
fer significantly (P > 0.05) in most analyzed variables, 
including longitude, MAP, texture class, stand age, 
basal area, tree growth, depth of the organic layer, 

Fig. 2  δ15N in type C (A) and type D (B) soils. The δ15N 
for the organic layer is indicated at −5 cm, δ15N of the depth 
increment 0–10  cm is indicated at 5  cm, δ15N of the depth 
increment 10–20  cm is indicated at 15  cm, and δ15N of the 
depth increment 55–65 cm is indicated at 60 cm

https://cran.r-project.org/web/packages/mda/index.html
https://cran.r-project.org/web/packages/mda/index.html
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organic layer stock, P content of the parent material, 
organic and total P content at 0–10 cm depth as well 
as the N:P ratio of the organic layer and the stock of 
C, N and P in the organic layer. Further, soil pH, the 
organic C and total N concentration, the C:N ratio, 
δ13C as well as extractable Mn, K, Mg, and Ca did 
not differ significantly among type C and D in any of 
the four analyzed soil depth increments (organic layer 
and the three depth increments of the mineral soil).

The δ15N of the organic layer did not differ signifi-
cantly (P > 0.05) among the different parent materi-
als, organic layer forms, different texture classes (see 
Supplementary Figure S3 for parent material). How-
ever, the δ15N of the organic layer was significantly 
higher (P < 0.05) in soils with the parent material till 
than in soils with the parent material well-sorted sedi-
ment (Welch t-test). The δ15N of the organic layer did 
not differ significantly (P > 0.05) among sites with 
and without ericoid understory vegetation.

The δ15N type was correctly predicted for 80% of 
the soils by discriminant analysis based on the atmos-
pheric N deposition and latitude together (Table  1). 
Based on the atmospheric N deposition, latitude, the 
P concentration of the organic layer, and the parent 
material, the δ15N type was correctly predicted for 
83% of the soils (Table  1). To correctly predict the 
15N type for more than 83% of the soils, the δ15N of 
one depth increment needed to be included. Based on 
the atmospheric N deposition, latitude, the P concen-
tration of the organic layer, MAT and the δ15N of the 
organic layer, the δ15N type was correctly predicted 
for 90% of the soils (Table 1).

We used a stepwise forward selection of predic-
tor variables in a multiple regression model for pre-
dicting the δ15N of the organic layer (Table  2). The 
one-predictor model that produced the lowest Akaike 
information criterion (AIC) used the predictor N:P 
ratio of the organic layer. Adding further variables 
to the model reduced the AIC only to a very limited 
extent (Table 2).

The δ15N of the organic layer across all 30 soils 
was significantly positively correlated with latitude 
 (R2 = 0.12, P = 0.032; Fig.  5a). Further, it was also 
positively correlated with the total P concentration 
of the organic layer  (R2 = 0.11, P = 0.041; Fig.  5b) 
and negatively with the N:P ratio of the organic 
layer  (R2 = 0.21, P < 0.001; Fig. 5c). In contrast, the 
δ15N of the organic layer across all 30 soils was not 
significantly correlated (P > 0.05) with the other soil 

Fig. 3  δ15N of the organic layer (a), the mineral soil at 
0–10 cm depth (b), 10–20 cm depth (c), and 55–65 cm depth 
(d) depending on the 15N type (15N type C: n = 18 and 15N type 
D: n = 12). Black numbers indicate the median, red dots and 
red numbers depict the arithmetic mean. The P value of the 
t-test comparing the two types is indicated at the right bottom 
of each panel
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chemical properties and site characteristics (includ-
ing atmospheric N deposition, the depth of the 
organic layer, the organic layer stock, the C and K 
concentrations of the organic layer, the C:N ratio, 
and stand age).

We found that the N stock of the organic layer of the 
30 soils was significantly negatively correlated with 
latitude  (R2 = 0.32, P < 0.001; Fig.  6a) and positively 
with MAT  (R2 = 0.25, P = 0.003; Fig. 6b). Furthermore 
the N:P ratio of the organic layer was negatively corre-
lated with latitude  (R2 = 0.26, P = 0.002; Fig. 6c).

We analyzed our data on δ15N of the organic 
layer in the 30 Swedish soils together with the data 
extracted from publications on δ15N of the organic 
layer of forest soils in other parts of Central and 
Northern Europe (Finland, Denmark, Germany, 
the Netherlands, Belgian, Austria, Switzerland, and 
France) with latitudes ranging from 68.2 to 47.3°N. 
We found a correlation between the δ15N of the 
organic layer and latitude  (R2 = 0.58, P < 0.001, 
n = 102; Fig.  7a), the δ15N of the organic layer and 
mean annual temperature  (R2 = 0.52, P < 0.001, 
n = 111; Fig.  7b) as well as between the δ15N of 
the organic layer and atmospheric N deposition 
 (R2 = 0.42, P < 0.001, n = 75; Fig. 7c).

Discussion

We observed and analyzed two types of δ15N pat-
terns, which were previously described by Hobbie 
and Ouimette (2009), in temperate and boreal forest 
soils, and identified the conditions under which they 
form. We found that type D soils occur in boreal for-
ests located between 59.5 and 65.5°N, but not in tem-
perate forests. Type D soils had a significantly lower 
atmospheric N deposition rate and a significantly 
higher P concentration of the organic layer than type 
C soils. Furthermore, we found that the δ15N of the 
organic layer of forest soils is positively correlated 
with latitude in Sweden, and also across Central and 
Northern Europe.

Type D soils: intensive microbial N transformation in 
the topsoil

The reason why type D soils had significantly higher 
δ15N values in the organic layer and the upper mineral 
soil (0–10 cm) than type C soils (Figs 2, 3) is likely 

Fig. 4  Atmospheric N deposition (a), P concentration of the 
organic layer (b), mean annual temperature (c), and latitude (d) 
depending on 15N type (15N type C: n = 18 and 15N type D: n = 12). 
Black numbers indicate the median, red dots and red numbers 
depict the arithmetic mean. The P-value of the t-test comparing the 
two types is indicated at the right side of each panel



51Biogeochemistry (2023) 165:43–56 

1 3
Vol.: (0123456789)

microbial processing of N that leads to enrichment of 
the heavier 15N isotope in the organic layer and min-
eral topsoil. Since ectomycorrhizal fungi contribute 
strongly to the soil microbial biomass and microbial 
activity in boreal forest soils (Högberg and Högberg 
2002; Read et al. 2004), it seems likely that the 15N 
enrichment in the organic layer and mineral topsoil in 
type D soils compared to type C soils is mainly caused 
by ectomycorrhizal processing of N, i.e., delivery of 
15N-depleted N to trees and accumulation of 15N in 

the fungal biomass (Hobbie and Colpaert 2003). Spe-
cifically, the higher δ15N of the organic layer in type 
D than in type C soils could be caused in the follow-
ing ways; (1) larger rates of microbial N processing in 
type D than type C soils, potentially because a larger 
share of tree N uptake occurs through ectomycorrhi-
zal fungi in these soils, (2) more frequently repeated 
(re-)cycling of N between the soil and the plants in 
type D than type C soils, and (3) stronger N isotopic 
fractionation by the species of ectomycorrhizal fungi 
present in type D soils compared to type C soils.

In type C soils, the δ15N at 55–65  cm depth was 
significantly higher than in type D soils (Fig. 3). This 
could be due to either substantial microbial N cycling 
in the subsoil of type C soils or, alternatively, trans-
port of N with a relatively high 15N content from the 
topsoil to the subsoil, for instance through leaching. 
The latter seems particularly likely in the Podzols, 
which are all type C soils in our study, since Podzols 
form through leaching of organic material from the 
topsoil to the subsoil. It is noteworthy that we did not 
observe a strong, continuous increase in δ15N in the 
mineral soil in any of the studied profiles, in contrast 
to previous studies, for instance about forest soils in 
the temperate zone of Chile (Boeckx et  al. 2005). 
This suggests that microbial N cycling in the northern 

Table 1  Results of the discriminant analysis based on the variables that differed significantly between the two 15N types (type C and 
type D)

Concerning the models with multiple predictors, the best model for each number of predictors is shown. The δ15N values were only 
included at the end of the analysis (when no increase in the prediction could be reached based on the first five predictors in the table). 
To correctly predict the 15N type for more than 83% of the soils, the δ15N of one depth increment needed to be included

Predictor(s) Proportion of soils for which the 
15N type is correctly predicted 
(%)

Atmospheric N deposition 73
P concentration organic layer 70
Latitude 63
Mean annual temperature 60
Parent material 60
δ15N organic layer 70
δ15N in 0–10 cm 60
δ15N in 10–20 cm 73
δ15N in 55–65 cm 80
Atm. N deposition + latitude 80
Atm. N deposition + latitude + P concentration organic layer + parent material 83
Atm. N deposition + latitude + P concentration organic layer + mean annual temperature + δ15N 

organic layer
90

Table 2  Results of the stepwise multiple  linear regression 
analysis with stepwise selection of predictor variables  to pre-
dict δ15N of the organic layer. Each new predictor (+) is added 
to the previous ones (listed in the lines above)

AIC Akaike information criterion

Predictors variables of δ15N of the 
organic layer

Deviance 
residuals

AIC

N:P ratio organic layer 14.5 30.1
+ K concentration organic layer 7.1 29.0
+ Latitude 7.0 27.6
+ Basal area 7.0 25.8
+ Mean annual precipitation 9.4 21.6
+ P concentration organic layer 4.5 20.1
+ Organic layer stock 2.6 19.9
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temperate and boreal zone is more strongly concen-
trated in the topsoil than in other forest soils. The fact 
that we found no substantial increase in the δ15N with 

increasing soil depth also suggests that there was 
no major loss of microbially-transformed N  from 
the subsoil since this would likely cause isotope 

Fig. 5  δ15N of the organic layer as a function of latitude 
(a),phosphorus (P) concentration of the organic layer (b), 
and the molar N:P ratio of the organic layer (c) across the 30 
Swedish forest soils. The red lines indicate the upper and lower 
95%-confidence interval

Fig. 6  Nitrogen (N) stock of the organic layer as a function 
of latitude (a) and mean annual temperature (b) as well as 
the molar N:P ratio as a function of latitude (c) across the 30 
Swedish forest soils
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fractionation, and an increase in the abundance of the 
heavier 15N isotope in the subsoil.

Type D soils have a high P concentration

Type D soils had a significantly higher P con-
centration in the organic layer than type C soils 
(Fig. 4b). In addition, the δ15N of the organic layer 
was significantly positively correlated with P con-
centration (Fig.  5b) and negatively with N:P ratio 
(Fig. 5c) of the organic layer across all 30 soil. This 
might indicate that P is beneficial for microbial N 
processing in these soils. The finding is supported 
by a study describing an increase in the growth rate 
of ectomycorrhizal fungi in response to P addition 
in a boreal spruce forest soil (Mayor et  al. 2015). 
Our result that N cycling in forests soils depends 
on P availability is also corroborated by a study 
reporting that P addition led microbial N immo-
bilization in a temperate forest in Maine, USA 
(Salvino et  al. 2019). Further, our results are sup-
ported by a recent study showing that ectomycor-
rhizal growth was positively related with the pres-
ence of the P-bearing mineral apatite in a spruce 
forest in Sweden (Almeida et al. 2023).

Type D soils have low atmospheric N deposition

Against the prediction by Hobbie and Ouimette 
(2009), the type D pattern was not associated 
with high N inputs but, but on the contrary, 
with low atmospheric N deposition (on average 
0.9  kg   ha−1   year−1; Fig.  4a). The reason for this 
could potentially be that atmospheric N deposi-
tion decreases the growth of ectomycorrhizal fungi 
(Bahr et  al. 2013), and thus likely also ectomycor-
rhizal N cycling and fractionation of N isotopes. 
However, the threshold for negative effects of N 
inputs on conifer-associated ectomycorrhizal fungi 
is 5–6  kg  N   ha−1   year−1 (Lilleskov et  al. 2019), 
which is larger than the rates observed at the large 
majority of sites studied here. Hence, it seems 
likely that atmospheric N deposition has no (or only 
a minor) causal relationship with the δ15N patterns 
of the soils, and that the significant difference in 
the atmospheric N deposition rate between type C 
and type D soils emerges from the fact that type D 
soils occur at a certain latitudinal range (59.5 and 
65.5°N, see Fig.  1), where atmospheric N deposi-
tion happens to be low.

Fig. 7  δ15N of the organic layer of the soils of the present study 
as well as of previous studies about forest soils in Central and 
Northern Europe as a function of latitude (a), mean annual tem-
perature (b), and atmospheric nitrogen (N) deposition (c). The 
red lines indicate the upper and lower 95%-confidence interval
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δ15N is positively correlated with latitude

The reason why type D soils occur at a specific lati-
tudinal range might be that N is strongly recycled in 
forest ecosystems at this latitudinal range since the 
organic layer N stock at these sites is small (Fig. 6). 
Recycling of N is likely positively affected by the low 
N:P ratio at these sites (Figs  5c, 6c; see also Sect. 
“Type D soils have a high P concentration”). Further-
more, it might be that ectomycorrhizal fungi contrib-
ute more strongly to soil microbial N processing at 
these latitudes than in the temperate zone (Högberg 
and Högberg 2002; Read et al. 2004), which promotes 
N isotope fractionation (Högberg 1997; Michelsen 
et al. 1998; Hobbie and Colpaert 2003). Yet, beyond 
65.5°N, we only found type C soils, but no type D 
soils. This might be due to a decrease in N cycling 
and abundance of ectomycorrhizal fungi at latitudes 
above 65.5°N, which could be caused by the very low 
temperatures at these latitudes (Figs 1, 6).

The δ15N of the organic layer across all 30 Swed-
ish soils was significantly positively correlated with 
latitude (Fig. 5a), which is in accordance with a study 
showing that δ15N of the organic layer and tree foli-
age was positively correlated with latitude in forests 
in Finland (Sah et al. 2006). The reason for this rela-
tionship is likely twofold. First, the N stock of the 
organic layer (and probably of the entire ecosystem) 
decreases with increasing latitude (Fig.  6; see also 
Spohn and Stendahl (2022)), which very likely leads 
to enhanced recycling of N by biota in the high latitu-
dinal ecosystems, and thus enrichment of the heavier 
15N isotope. Second, in boreal forests, likely a larger 
proportion of N that trees take up passes first through 
ectomycorrhizal fungi than in temperate forests, lead-
ing to isotope fractionation. The finding that the δ15N 
of the organic layer in the 30 Swedish soils was not 
significantly correlated with atmospheric N deposi-
tion, suggests that the latitudinal differences in the 
δ15N of the organic layer are only weakly related to 
differences in atmospheric N deposition.

Across a larger dataset that comprises data from 
eight European countries, we found that δ15N of the 
organic layer was strongly and positively correlated 
with latitude and negatively with mean annual tem-
perature (Fig.  7). The reason for this is likely that 
ecosystem N stocks and N inputs to the ecosystem 
are negatively correlated with latitude, leading to an 
increase in N recycling with increasing latitude. A 

main reason why N stocks are negatively correlated 
with latitude seems to be that  N2 fixation, which 
is the most important N input to the ecosystems, is 
positively related to temperature (Gundale et al. 2012; 
Rousk et al. 2013). However, the regulation of micro-
bial  N2 fixation in forest ecosystems is not yet well 
understood and requires further investigations.

Conclusions

We analyzed two types of vertical δ15N patterns in 
temperate and boreal forest soils and identified the 
conditions under which they form. We found no sup-
port for the hypothesis that type D soils emerge in 
ecosystems with relatively high N supply, but instead, 
we observed that type D soils in Sweden only occur 
in boreal regions with very low atmospheric N depo-
sition and a high P concentration of the organic layer. 
The formation of type D soils is likely caused by 
enhanced ectomycorrhizal N cycling and N isotope 
fractionation in the topsoil  that leads to high δ15N 
values in the top of boreal forest soils. Our results 
show that N is more strongly transformed by micro-
organisms in boreal forests than in temperate forests, 
and that the intensive N transformation is related to a 
high P concentration  of the organic layer. The posi-
tive correlation between δ15N of the organic layer and 
latitude across Central and Northern Europe indicates 
that the intensity with which N is microbially trans-
formed in forest soils is positively correlated with lat-
itude, likely due to a decline in the ecosystem N stock 
with increasing latitude.
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